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MEMO TO: D. V. Terrell
Director of Research
Recently the Research Division received from the Division of
Design an inquiry about the influence of so-called "roughness factors"
in the design of drainage culverts. This is a subject on which a great
deal of literature has ·been published, especially from the standpoint
of research conducted by a few well equipped hydraulic laboratories.
As a result of this research there is fairly general agreement on the
roughness coefficients for different culvert materials, but somewhat
less agreement on the way they should be applied.
At the time .Mr. Johnson made his inquiry in a telephone conversation with me, it was decided that we should schedule the topic
Acfor discussion at the next meeting of the Research Committee.
much
on
worked
has
cordingly, Mr. E. M. West, who as you know
of our research in the drainage field and has taught two classes in
hydraulics for Highway Department employees, was asked to prepare
material summarizing various aspects of the subject. It was intended
that this merely be suitable for oral discussion, but in the process of
organizing his material Mr. West developed a simplif-ied treatment·
that should be valuable for future reference. For that reason, it has
been reproduced for distribution to Committee members.
Fundamentally roughness is one of several factors that determine the hydraulic capacity of culverts. Under some conditions it
is the critical factor, and under others it has no influence on the capaSometimes it is an advantag.e t.o hav.e.th!O maciJy~that is.,a.chleved.
terial "smooth", and there are conditions under which a high roughness
value is an advantage. The most important point is that the design can
be balanced to fit all the circumstances - the condition at the site, and
materials available, the economics of construction, and the service
conditions that are desired. If any one of the hydraulic factors includ··
ing roughness should be ignored, a design best suited to the circumstances would be achieved only by coincidence.

D. V. Terrell

- 2 -

December 16, 1954

Although the solutions for an actual design go deeper than Mr.
West has gone in his discussion, the relationships would remain as he
presents them. Actually, some of the complicated steps in the solution
have been simplified through the development of nomographs and othe.r
charts relating various factors. These aids, of course, have been made
to conform with practical requirements; for example, the sizes of pipe
that are produced commercially. Material of this nature has been included in the new Drainage Manual just completed by the Division of
Design and intended mainly for use by employees working on drainage
problems.
Aside from work on methods for estimating runoff from drainage
areas, we have not carried out any of the research contributing to hydraulic solutions. Most of it has come from other organizations and
laboratories, some of which Mr. West mentions in the refe.rences he
recommends for reading by the>se interested in drainage design. Much
more research is needed on certain phases, perhaps the most outstanding need beirig on coefficients of entrance loss. At present it is known
that most of the situations would be represented by .coefficients between
0. l and 0. 8, but within that range the conditions must be generalized.
Research to establish these as definitely as roughness factors of 0. 015
for concrete pipe and 0. 021 for corrugated metal pipe would do .much to
improve the hydraulic solutions. There is a possibility that we can be
of help in this respect, through model studies which are now under consideration.
In conclusion, and in answer to the inquiry as it was brought up,
we see no possibility of there being a direct and invariable relation between roughness factor and culvert capacity. The relationship is influenced
by other factors which should be considered in the design. Under many
conditions the capacity will depend on these other factors whether or not
they are taken into account in the design. In other words, if these factors
are ignored the culvert will never carry as much water as the designer
calculates. After all the factors have been considered and the design is
set there is, of course, some relation between the roughness and the
capacity. The only way to find out what that relation may be, is to solve
the problem hydraulically with all the variables taken into account.
Respectfully submitted,

'X'. E.~
L. E. Gregg
Assistant Director of Research
LEG:ddc
Copies to:

Research Committee
Mack Galbreath ( 3)
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SUBJECT :

Roughnes s as a Factor in Culvert Hydrauli cs

In conjuncti on with the oral discus sian of Roughne. ss as a Factor
in Culvert Hydrauli cs, which has been schedule d for the coming meeting
of the Research Committ ee, I have assemble d a few notes and diagrams
with which you may wish to become familiar, It is intended that this rna··
terial serve as a guide in a simplifie d approach to some of the basic consideratio ns in the analysis of culverts, and not to be all inclusive .
Even though this is a simplifie d version, none of the bas.ic features have been neglected . Instead, I have tried to interrela te all .the
influenci ng factors in a general way, and yet avoid numerica l calculations and similar details that would take too much time for discussio n,
More complete treatmen ts o£ these same relations hips are given in the
following publicati ons:
"Manual of Drainage for Kentucky ", Kentucky Departme nt
of Highways , 19 54.
"Highway Drainage Manual", U. S. Bureau of Public Roads.
"Notes for Short Course in Drainage and Drainage Structure ",
Institute of Traffic and Transpor tation Engineer ing, University of Californi a.
For still more complete informati on on the effects of different variables ,
and some of the research involved in the determin ation of those effects,
the following studies and applicatio ns of culvert hydraulic s are recommended:

L. E. Gregg
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Decem ber 15, 19 54

"The Hydra ulics of Culve rts", F. T. Mavis , Profe ssor
and Head of the Civil Engin eering Depar tment , Pennsylvan ia State Colleg e.
z
"Impo rtance of Inlet De sign on Culve rt Capac ity", Loren
rch
Resea
ulic
Hydra
G. Straub , St. Antho ny Falls
Labor atory, Unive rsity of Minne sota, Tech ..Paper No.
13, Series B.
"Expe rimen tal Studie s Condu cted on the Hydra ulics of
Culve rts", Loren z Straub , St. Antho ny Falls Hydra ulic
Labor atory, for the Amer ican Cone rete Pipe As soci.ation.
in
"The Long and Short of Condu its", Carne gie Noteb ook
and
n
Stelso
Civil Engin eering , F. T. Mavis , T. E.
E. H. Mille r, Carne gie Institu te of Techn ology .
"Align ment and Grade of Culve rts", Wen-H siung Li, the
John Hopki ns Unive rsity, Depar tment of Civil Engineerin g, Baltim ore Maryl and.
could be obAll of these are in our librar y, and proba bly most of them
sted in having one
tained throug h the Unive rsity Libra ry by anyon e intere
two have been
or more for a brief period of time. Of cours e, one or
Depar tment .
or will be rathe r widely distri buted to emplo yee.s of the
ent
Slides and diagra ms are availa ble to illust rate the differ
the discu ssion that
featur es if questi ons and comm ents from others carry
under way
Also, some nume rical soluti ons, such as the ones now
far.
neces sary. Inasfor three culve rts in Bath Count y, can be review ed if
fort today ,
much as the Drain age Manu al is being as.sem bled in Frank
too.
ble
copie s of that should be availa
Respe ctfull y submi tted,

~~~t7h.e/Resea rch Engin eer

EMW :ddc

NOTES ON ROUGHNESS AS A FACTOR
IN CULVERT HYDRAULICS
Outlined below are the many variables that must be considered in
order to arrive at a balanced design for culverts or drinage structures.
This is the only way that the best design can be made; the best design
being the most practical, most economical structure offering the hydraulic
performance required at the site.
Culvert Analysis

I
I

. Drainage Area

Selection of
Return Period

Allowable Head
Allowable Velocity
Possible Slopes

I
Hydraulic
Analysis

Situation
Survey

Estimating the
Discharge
Relationship of
Return Periods

Discharge

Initial Cost

T. W. Elev.

Life Expectancy

Outlet
Condition

Maintenance

Entrance
Condition

Probable
Damage
Aesthetics

Culvert Skew
Inlet Condition

Economic
Consideration

Confidence Limits
of Rain or Discharge

Slope
Roughness

Scouring Condition
Length
Back' Water
Diameter-Size
Acidity
H. W. Elev.
Outlet
Velocity
Balanced De sign
In this discussion the Situation Survey, Hydrology, and Economic
Consideration are excluded, not because they have a lesser degree of
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importance, but rather to limit the discussion to the hydraulic analysis
within which roughness falls.
The principal reason for a hydraulic analysis in the de sign of a
culvert is to make certain the culvert functions to best advantage and
offers the greatest capacity at minimum cost.

To accomplish this, all

the factors must be taken into account even though some may have no
influence on the functioning of the culvert that is finally designed and
built.

For a given situation, a number of alternate structures may be

equally satisfactory from the hydraulic standpoint and the choice would
then be made on the basis of economic factors su:h as first cost, durability, or even aesthetic value.

HYDRAULIC ANALYSIS
In the hydraulic analysis for culvert design the first factor to be
considered is the stream channel.

.A culvert placed in a stream does

not affect the normal stream characteristics above the ponding area at
the inlet; and below the outlet area the distance of influence is short.

The

extent of this distance is governed by the amount of turbulence or disturbance caused by the structure.
The quantity of water approaching a culvert in a given time is
assumed to be uniform and continuous during the peak rate of runoff for
which the structure is designed.

By this assumption, an equal amount

of water must be leaving the culvert location by way of the. downstream
channel.

There may be momentary retardation of flow, lasting until the

storage capacity is achieved, but this will be followed by equilibrium between rate of supply and downstream runoff.

If sufficient opening in the

culvert is not provided, equilibrium will be attained through overflowing
of the roadway.
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Normal depth of flow in the channel when dis.charge (quantity)
0 is carried.
Fig. l
In the process of transmitting a quantity of water (Q) fro:m the
upstream channel, through the structure to the downstream channel
(0 ) a number of change.s in flow conditions occur (See Fig. 1).
2
At the upstream reach, the velocity in the channel is normal while

further downstream, just above the entrance of the culvert; the velocity
becomes zero.

The velocity increases just after entering the inlet,

and decreases or increases throughout the length of the structure, the
magnitude depending upon the hydraulic conditions created by the
situation and characteristic s of the culvert,

The velocity will tend

to decrease with increasing friction unless the structure is laid on
a slope that is sufficient to overcome friction, while additional increase
in slope will result in increased velocity.
At the outlet (or a very short distance beyond the outlet), velocity
again decreases due to the increase in cross section from the sr.naller

culvert area to the channel section.

Further downstream the velocity
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in the channel will reach its normal condition, the magnitude being the
same as if no structure existed.
If the quantity of water is assumed to be continuous, an increase
in velocity results in a decrease in depth.
is accompanied by an increased depth.

Conversely, decreased velocity

There is a continual changing of

the magnitude of these variables in the hydraulics of flow at the structure
site, and abrupt changes in the cross section of flow result in instantaneous changes in velocity and depth .
. fherever

els changes are rapid the water becomes turbulent;

c.H the energy can not be converted from velocity to increased depth or

vice versa.

In this case, energy losses are incurred.

(Actually there

are friction losses in smooth or laminar flow, but these are ne·;li:;ible
in comparison with the losses caused by turbulence).
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Outstanding points of energy loss are at the outlet, inlet, and
sometimes within the structure.

To son>e .extent the losses in the

barrel can be offset by changes in the ~lope .of the structure.
Tailwater Elevation
Another primary influence on the flow through a culvert is the
elevation of the water surface downstream.

Through an analysis .of

the downstream channel with respect to the design discharge the
normal depth of flow in the channel can be calculated by solution of
the Manning Formula, or can be read directly from charts prepared
for solution .of the Manning Formula.

From the invert elevation at

the outlet of the structure and the normal depth .of fl.ow, the tail water
elevation .at the outlet end of the structure can be computed.
The significance of tailwater elevati.on as .an influence on performance .of the structure depends on whether .the structure:
1. Is flowing full at the outlet

2. Is not flowing full at the outlet
A culvert will fall into the first general class.ification (full
flow) if:
(a) laid on its friction

slope~'

or less (Case la, Fig. 3)

(b) the outlet end is submerged by the Tailwater Elevation
(TW) (Case lb, Fig. 3)
For conditions where the tailwater depth is less than the height of the
culvert and the structure is laid on a slope (m.oderate to steep)
"'Friction slope m:ay be defined as the gradient of the structure which
produces sufficient increase in velocity head to compensate for the
head lost through friction within the structure.
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will not flow full (Cas e
suffi cient to over come frict ion, the struc ture
2, Fig. 3).
Head wate r Elev ation - Outl et Velo city
d by the down strea m
In addit ion to tailw ater eleva tion, as deter mine
tly deter mine d by
chan nel, there are two limit ation s whic h are direc
the prov ince of the
cond ition s at the site and are gene rally beyo nd
desig ner.

eleva tion
Thes e limit ation s are the perm issab le headWat<:>r

and the outle t veloc ity.
wate r eleva tion
In most insta nce£ the perm issib le maxi mum head
the road way and adjac ent
is dete rmin ed by the poss ibHi ty of dama ge to
;vill be objec tiona ble.
prop erty or the exten t to whic h flood ing upst ream
by eros ion char acter istic .s
The perm issib le outle t veloc ity is deter mine d
of strea m bed mate rial in f11e outfa ll chan nel.
often direc tly reCond ition s contr ollin g head wate r eleva tion are
lated to those contr ollin g the outle t veloc ity.

In some case s a redu ction

the head wate r eleva tion.
in outle t velo city may autom atica lly incre ase
ease the head wate r
Like wise , an incre ase in outle t veloc ity may decr
eleva tion.
culv ert is to
Since the princ ipal objec tive in the desig n of a
a quan tity of wate r
prov ide the mos t econ m:nic al mean s of conv eying
the outfa ll chan nel in a
(Q) from the upst ream appr oach chan nel to
rman ce withi n the limiman ner that will give the best hydr aulic perfo
ce head wate r eleva tion
tatio ns of the site, it is often nece ssary to balan
again st outle t veloc ity.

This can be acco mpli shed by vary ing, when

the hydr aulic perposs ible, some of the oth'er facto rs invo lved in
roug hnes s of the mate rial.
form ance ; (e. g.) slope , inlet cond itims , and
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'
ral extr eme s,
gene
Poss ibili ties for vari atio n fall with in thre e
ples :
whic h are repr esen ted by the follo wing exam
slop e of the chan nel
Exam ple 1 - A stru ctur e coul d be laid on the
r on the stru ctur e,
wate
head
and mad e of sUff icien t size to prev ent any
chan nel velo city
al
norm
the
and yet have the outle t velo city equa l to
an unde sirab le
ical
onom
esta blish ed by natu re. (Nor mall y are unec
desi gn).
sma ll cros s-se ctio nal
Exam ple 2- A stru ctur e coul d be mad e with
very smo oth mat eria l,
a
of
ist
area and near perf ect inlet cond ition s, cons
outle t velo citie s. Such
hi1>h
and be plac ed on a slop e that wou ld caus e very
a min imu m head on
vvith
city
an arra ngem ent woul d as_su re adeq uate .;apa
t velo citie s were
outle
le
issib
the stru ctur e, only to the poin t whe re perm
exce eded .
sma ll cross < sect iona l
Exam ple 3 - A stru ctur e '!(;auld be mad e with
slop e and hlve poor
flat
on a
acrea , cons ist of a roug h mat eria l, be laid
adeq uate capa city
ide
ld prov
inle t cond ition s. A desi gn .such as this wou
max imum head wate r elev awith low outle t velo city only to the exte nt that
adeq uate only if a very high
tion s wou ld perm it. The capa city woul d be
head wate r elev ation is toler able .
Som ewh ere with in the limi ts of the

condition~

of thes e :exa mple s,

ally, prov ided all o£ the
a bala nced desi gn can be work ed.o ut hydr aulic
rega rd to thei r resp ectiv e
appr opri ate vari able s are cons ider ed with
r.
mag nitu des and prop er .rela tion s to each othe

By this mea ns, a cul-

alm ost any head wate .r and
ve.rt can thus be "tail ored " to acco mmo date
outle t velo city cond ition .
Inle t Con ditio ns
mpa ssed by the simp le
The impo rtan ce of inlet cond ition s is enco
flow thro ugh the barr el of
state men t that the amo unt of wate r that will
ente r the inlet end. Bea stru ctur e is limi ted by the amo unt that can
at the inle t, an appr ecia ble
caus e of orifi ce actio n (or "nec king down ")
wate r star ts to flow with in
amo unt of velo city head is lost .. befo re the
func tion of the geom ett"y of
the stru ctur e. The velo city head lost is a
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the .orifi ce actio n, and
the inlet , the amou nt of turbu lence caus ed by
cha'll-ge in cros s secti onal
the incre ase in veloc ity that acco mpan ies the
area of the wate r at this point .
crea te ·min imum
·Natu rally the best inlet cond ition s are those that
a=ou nts of turbu lence in

co=p any with the incre ase in velo city.

In

n the grea test perc entag e
effec t, this perm its the flowi ng wate r to retai
l:llak eB po.ss ible the
of its ener gy (velo city head ), and in doing so it
pa.ss age of grea ter

~uantities

unde r a given head .

State d diffe rentl y, it

tion to push a given
elim inate s the need for a high er head wate r eleva
quan tity of wate r throu gh the .stru cture .
expr esse d as
The effec ts of vario us inlet cond ition s have heen
l value s depe nding upon
·=ath emat ical coeff icien ts, with the num erica
ce to flow unde r spec ific
the porti on of the head lost throu gh inter feren
inlet cond ition s.

rime nt-·
Thes e coeff icien ts have been deter mine d expe

case s as :well as sorne
ally in hydr aulic labor atori e.s for som.e gene ral
been found to be 0. l of
extre me cond ition s. The extre me value s have
of the veloc ity head for
the veloc ity head for good cond ition s, and 0. 8
een, it is nece ssary
poor cond ition s. For the many situa tions in betw
to estim ate the inlet coeff icien t.
expe rime ntall y the,
Cons idera ble work is being done to deter mine
to impr ove the
value of coeff ic.ien ts .for diffe rent cond ition s and
erve veio dty ene~"
hydr aulic effic iency of inlet s in orde r to cons
effic iency wer·e .dem· ·
So:m.e out.aj ;andi ng exam ples of impr oved inlet
~:·ons.t:raten

ege, wher e the
fu rese arch carri ed out by Oreg on State Coll

rt-rn< int stand ard box.
inlet desig n for the Oreg on State High way Depa.
in capa city was attai ned.
culv ert was revis ed, and a 100 perc ent incre ase
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Outle t Cond itions
can flow
Unde r certa in condi tions , the amou nt of water that
can be disch arged at
throu gh a culve rt is contr olled by the amou nt that
the outle t end.

Retar datio n of flow at this point can be broug ht about

or by poor trans ition
eithe r by backw ater from the down strea m chann el
from barre l flow to chann el flow.

The smoo thest pas sible trans ition

is minim ized.
shoul d be made so that the reduc tion in veloc ity head

As

tion and outle t veloc ity,
noted in the earli er discu ssion s of tail water eleva
tion in veloc ity head.
the headw ater eleva tion may be incre ased by reduc
Roug hness
struc ture.
Char acter istics of mate rial withi n the barre l of the
they exert an influe nce
alway s influe nce the flow, but the exten t to which
depen ds on sever al thing s.

Unde r any circu msta nce, howe ver, the head

area expos ed - or,
lost throu gh fricti on (roug hness ) is a funct ion of the
the

wetted~-

barre l.
and the veloc ity at which water flows throu gh the

of the struc ture.
The wette d area is deter mine d by the lengt h and size
ness may be
The porti on of energ y lost due to fricti on or rough
equat ion:
expre ssed as a lo.ss in veloc ity head in the follow ing

h = f
f

wher e

l

yZ

R

Zg

n-

hf - veloc ity head lost due to fricti on,
fn - a funct ion of the rough ness coeff icien t
l

- lengt h of struc ture,

R - hydra ulic radiu s, expre ssed as a ratio
of wette d area to perim eter or A/P,

11

n 11 ,

- ll

and

0

barr el,
V = repr esen tativ e velo city of flow in the
2
/sec .
g = acce lera tion due to grav ity = 32.2 ft.

ctly with the leng th
The refo re, the effec t of frict ion vari es dire
and dire ctly with the norm al,
{1), inve rsely with the hydr aulic radi us (R),
of flow ( V).
or for this purp ose, repr esen tativ e velo city
stru ctur e carr ying a
Sinc e the norm al velo city for a give n size
ed by a func tion of the slop e of
know n disc harg e quan tity ( 0) is dete rmin
also vari es dire ctly with a
the stru ctur e, the effe ct of roug hnes s (n)
outs tand ing va.ri able dete rfunc tion of the slop e. Slop e, then , is an
mini ng the effec t of roug hnes s (n).
orm flow of wate r is
In the case of a culv ert whe re a stead y unif
to the botto m of the barr el.
m.ai ntain ed, the wate r surf ace is para llel
wate r surf ace, and the slop e
The slop e of the barr el, the slop e of the
head is bein g used up to over that repr esen ts the rate at whic h velo city
com e frict ion, are all the sam e.
and the stru ctur e is laid
Whe n flow ing wate r part ly fills a culv ert
flow para llel to the botto m, the
on a slop e suffi cien t to main tain unif orm
slop. =, as men tion ed on page 5.
stru ctur e is laid on the so-c alled frict ion
eria l woul d ther eby nece ssiAn incr ease in roug hnes s of the culv ert mat
ming that all othe r cond ition s are
tate an incr ease in the frict ion slop e assu
to be nrrai ntain ed.
a roug hnes s of 0. 015
For exam ple: If a 36-i n. diam eter pipe with

I 3 full, the frict ion slop e
is desi gned to carr y 30 cfs at a dept h of 2
r of roug hnes s of 0. 021, the
requ ired woul d be 0. 8 perc ent. For a facto
requ ired slop e woul d be 1. 4 perc ent.

And unde r thos e cond ition s ther e
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would be no change in headwater elevation, outlet velocity, or any of the
other factors important in culvert design.

If the slope were increased

above this amount, the depth of flow would decrease; and conversely,
if the slope were decreased, an

increased depth of flow would result -

once again assuming that none of the other features changes.
Thus, for structures laid on slopes less than friction slope, an
increase in roughness would produce a slower velocity and greater depth
of flow.

If the culvert slope is flat enough, and the culvert is of suffi··

dent length, a reduction in velocity due to friction would cause an increase in the headwater elevation up to whatever point is necessary to
create sufficient energy for the necessary quantity of flow.
However, when a culvert is laid on its friction slope (or greater),
and the tailwater elevation is below the crown at the outlet end, increased
frl·etton will not affect the headwater elevation except in a rare case of
near perfect inlet conditions.

Whenever friction slope (or greater) can

be maintained, there is possibility of advantage being derived from a
material with relatively high roughness because of its tendency to reduce
outlet velocity without increasing headwater elevation.
The sketches on the following page show how various conditions
of flow are developed.

Each case is a situation within itself, but in sorne

instances the condition can be brought about by changes in relationships
applying to one or more of the other cases.

In brief, the situations and

their relations hips to roughness factors are as follows:

Case 1 - The structure is not flowing full; the slope is i.ess than
critical slope''· An increase in roughness would increase the depth of

* Critical

slope is that slope of the channel bed or conduit which under a
given set of conditions is just sufficient to maintain a fixed quantity of flow
at the minimum depth or at a minimum energy content.
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flow and would cause an increase in headwater elevation.
Case lA - When the headwater depth in Case l has increased an
amount sUfficient to submerge the inlet of the structure, the inlet end
becomes the controlling section, and an increase in roughness would have
no effect on the headwater elevation. An increased roughness would increase the depth of flow. However, the amount of flow is controlled by
the amount that can be admitted at the inlet.
Case lB - If a perfect inlet was provided for structures lA and lB,
or if the relaf;ionshi p oflength to diameter became very large and the
slope approached zero gradient, the structure would flow full. Under
conditions of full flow, an increase in the roughness of the material would
cause a decrease in velocity. Since the pipe would be flowing full, this
decrease in velocity could not be compensate d for by an incr.ease in depth
of flow. Therefore, an increase in headwater elevation would result.
In general, with prevailing inlets and the length-diam eter ratios
nor.mally encountere d in highways. This case seldom applies. Tendencies
toward wider roadways and higher fills are bringing the situation into
greater prominence ,
Case 2 - The slope is less than crit:ical, and the pipe is not flowing full. Control is in the barrel or at the inlet section. For this depth,
an increase in roughne s.s would cause a greater depth of flow and would
increase the headwater elevation. However, when the headwater submerges the inlet of the structure, the operation becomes similar to Case
lA or lB, depending upon the inlet condition and the slope-lengt h ratio.
Case 3. - The slope is less than critical and the outlet of the structure is submerged . An increase in roughness would cause a decrease in
velocity which could not be offset by greater depth of flow. Thus, an
increase in headwater elevation would result.
Case 3 or 5A - Conditions are the same as in Case 3, except that
poor inlet conditions, shorter length, a smaller length-diam eter ratio,
or possibly greater slope prevent the structure from flowing full. In these
case.s the control is at the inlet. The inlet conditions control the amount
of flow by controlling the amount of water that can get into the barrel. An
increase in roughness would cause a greater depth of flow but would not
influence the headwater elevation so long as these conditions prevailed.
Cases 4, 4A, 5 and 5A - In these cases the structures are laid
on slopes that are equal to, or greater than, critical slope. Any increase in roughness would cause greater depth of flow, but it would have
no bearing on the headwater elevation since there is no provision for
full-depth flow.
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